Introduction
Despite aggressive antiretroviral therapy, HIV-associated neurocognitive disorder occur in over 50% of the HIV + population [1] . HIV-1 is carried into the central nervous system (CNS) by infected macrophages and monocytes [2] . Once the virus enters the brain, infection spreads to glial cells [2] . Antiretroviral medications do not readily cross the blood-brain barrier [3] , allowing the brain to serve as a reservoir for viral replication and viral protein secretion [4] . Chronic exposure to HIV-1 viral proteins is associated with numerous consequences throughout the brain; however, some brain regions have been clinically documented to be more vulnerable to HIV/AIDS [5] . Such regions include, but are not limited to, the medial prefrontal cortex (mPFC) and basal ganglia [e.g. the caudate-putamen and nucleus accumbens (NAc)], two critical regulators of neurocognitive function, and psychomotor activity [5] .
CNS exposure to HIV-1 viral proteins is associated with progressive inflammation and Ca 2 + dysregulation [6] . Transactivator of transcription (Tat) is an early HIV-1 protein produced and actively released by HIV-infected cells [6] . Extracellular Tat dysregulates Ca 2 + homeostasis in neurons by abnormally increasing Ca 2 + influx, likely through Ca 2 + -permeable ionotropic glutamate receptors [7] and voltage-gated Ca 2 + channels [7, 8] . Excessive cytosolic Ca 2 + becomes excitotoxic; therefore, overactivation of these Ca 2 + channels in neurons could contribute to the pathophysiology of Tat. Moreover, the dysregulation of Ca 2 + can be exacerbated by Tat-induced maladaptations in astrocytes that result in the dysfunction of astrocyte-mediated synaptic uptake of glutamate [9] . Continual exposure to dysregulated cytosolic Ca 2 + could facilitate neuronal overexcitation, damage, and death [9] . In addition, even a short-term exposure to Tat (a few minutes) is sufficient to produce dysfunction of astrocytes, leading to an enduring Ca 2 + dysregulation in the affected neurons [10] . Thus, it is likely that even a transient exposure to low concentrations of Tat is sufficient to induce integrated dysregulation in astrocytes and neurons. mPFC and basal ganglia [11, 12] . Blockade of the Lchannels acutely reduces Tat-induced Ca 2 + influx [8] . Thus, the L-channels likely play a critical role in Tat-induced Ca 2 + dysregulation and neuropathology in the CNS. This study was designed to determine the dysregulation from transient Tat exposure in vivo on the L-channels and astrocytes in the rat PFC and basal ganglia.
Methods
Male Sprague-Dawley rats (n = 6; Harlan Labs, Indianapolis, Indiana, USA) weighing 225-250 g were housed under environmentally controlled conditions and allowed to habituate for 1 week before experimentation. Food and water were available ad libitum. Tat was administered directly into a lateral ventricle. For this, rats were anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneally; Sigma-Aldrich, St Louis, Missouri, USA) and placed in a stereotaxic frame (David Kopf, Tujunga, California, USA) with the nose piece set at -3.3 mm. A scalp midline incision was made and a burr hole was drilled through the skull of one hemisphere at 0.9 mm anterior to the bregma, 1.4 mm lateral to the midline, and 4.3 mm ventral to the skull. Using a motorized injection pump (Stoelting, Wood Dale, Illinois, USA), Tat (80 mg/20 ml; n = 3) or PBS (20 ml; n = 3) was infused directly into the lateral ventricle at a rate of 1 ml/min using a 30 G needle attached to a 25 ml syringe (Hamilton Co., Reno, Nevada, USA). When diluted in the CSF, this amount of Tat is able to reach low nanomolar concentrations, within the CSF concentration range for Tat believed to be achieved in HIV + humans [6] .
The needle was left in place for an additional 3 min after the injection was administered to allow for fluid diffusion from the injector tip. The burr holes were filled with bone wax and the incision was sutured. Following recovery from anesthesia, the rats were returned to the vivarium and monitored daily; all animals showed normal grooming behaviors and weight gain without signs of infections following injections of Tat or PBS. Fourteen days after treatment, rats were deeply anesthetized using chloral hydrate (400 mg/kg intraperitoneally; SigmaAldrich) and perfused transcardially with ice-cold saline, followed by 4% paraformaldehyde (pH 7.4). The brains were removed and postfixed in 4% paraformaldehyde overnight. Brains were transferred to 30% sucrose until saturated, sliced into serial coronal sections (40 mm) using a sliding microtome, and sections were stored in a cryoprotectant at -201C before use.
Primary antibody incubation was carried out with antiglial fibrillary acidic protein (GFAP, 1 : 10 000; DakoCytomation, Glostrup, Denmark), anti-Ca v 1.2-a1c L-channel (Ca v 1.2, 1 : 100; Alomone Labs, Jerusalem, Israel), and antineuronal nuclear protein (NeuN, 1 : 1000; Millipore, Temecula, California, USA) for 48 h at 41C, followed by the appropriate secondary antibodies (1 : 200; Vector Laboratories, Burlingame, California, USA). GFAP-immunoreactivity (ir) and NeuN-ir were visualized using a chromogen solution containing 3 0 3 diaminobenzidine and hydrogen peroxide. Ca v 1.2-ir was enhanced with nickel (SigmaAldrich). Negative controls were performed in the absence of the primary antibody.
Qualitative assessments of the entire brain were carried out for all three stains. Subsequently, optical density was utilized to verify our qualitative assessments before performing stereological counts of Ca v 1.2-ir and NeuN.
Qualitative assessments indicated obvious differences in staining in brain regions that were evaluated by optical density for GFAP-ir and stereological estimations of Ca v 1.2-ir. These areas included the mPFC, the motor cortex (MC), the caudate-putamen [dorsal striatum (Str)], and the NAc, including the core and shell subregions. The hippocampus also expressed high GFAP-ir, but this region was used for a parallel study that did not involve Ca v 1.2-ir and data are not presented here.
Optical density values were calculated by a treatmentblind observer using ImageJ software (NIH, Bethesda, Maryland, USA). Series of six photomicrographs were taken at Â 4 magnifications and converted into gray scale containing the mPFC, MC, Str, and the NAc core/shell identified by specific anatomical landmarks [13] . The photomicrographs containing the mPFC and MC were collected between + 4.2 and + 2.2 mm anterior to the bregma. Consecutive sections containing the Str and the NAc core/shell were obtained between + 2.2 and + 1.0 mm anterior to the bregma. Optical density was measured for a 0.5 mm 2 area within each brain region. Background measurements were taken from the anterior commissure and subtracted from the mean optical density value for each region [14, 15] .
Stereological estimates of the total number of NeuN-ir and Ca v 1.2-ir cells were determined by a treatment-blind observer of regions located contralateral to the injected hemisphere to avoid the potential variability resulting from injection-related mechanical trauma. The Stereo Investigator 2000 system (MBF Bioscience, Williston, Vermont, USA) was used to perform unbiased stereological estimates per an optical fractionator procedure [16] . Under low magnification (Â 1.25), the regions of interest were outlined. Optical dissectors were defined using dissector height set at 15 mm and guard zones of 2 mm. Cell counts were carried out in a counting frame of 75 mm 2 at regular intervals (X = 250 mm, Y = 250 mm). The sections were analyzed using a high magnification (Â 60) oil-immersion objective. The coefficient of error was calculated using the Gundersen method.
All data are presented as mean±SEM. Comparisons between groups were made using Student's t-test with a equal to 0.05 using SPSS software (IBM, Armonk, New York, USA).
Results
The acute intracerebroventricular injection of Tat allowed for assessments of brain mechanisms engaged during initial exposure. A pathophysiologically relevant, low nanomolar CSF concentration [6] provided the means to study cellular dysregulation without neuronal loss. We found that the Tat-injected hemisphere showed ventricular enlargement. No enlargement of the ventricles was observed in the hemisphere contralateral to intracerebroventricular Tat or in either hemisphere following the PBS injection. Stereological assessments indicated that the mPFC of Tat-treated rats showed a significantly higher number of Ca v 1.2-ir cells compared with vehicle-treated rats (29 480±707 vs. 47 290±3888; t (4) = 4.50, P = 0.01) (Fig. 1) . These cells were located in layers five and six and were B25 mm in diameter with a distinct nucleus, a profile that is consistent for pyramidal neurons. No significant change in the number of Ca v 1.2-ir cells was found in the MC, Str, and the NAc core/shell between Tat-treated and vehicle-treated rats. Optical density measurements of GFAP were performed to determine whether astrogliosis occurred at 14 days after injection. GFAP-ir is largely restricted to astrocytic processes, and does not clearly identify the small soma (< B10 mm) of astrocytes (Fig. 2) . Rats exposed to Tat showed a significant increase in the GFAP-ir staining intensity within the mPFC (10.4±1.0 vs. 16.4±1.8; t (4) = 2.98, P = 0.04) and MC (7.6±0.7 vs. 10.6±0.8; t (4) = 2.87, P = 0.05) (Fig. 2) compared with the vehicle treatment. No significant alterations were observed in the Str or the NAc core/shell. There was no significant loss in the number of NeuN-ir cells in any brain region evaluated between Tat-treated rats and vehicle-treated controls (Fig. 3) .
Discussion
The novel findings indicated that after a transient Tat exposure in vivo, there was a significant increase in the number of Ca v 1.2-ir cells and astrogliosis in the cortical regions of rats. These changes were not associated with significant loss of neurons, suggesting that early exposure of the brain to Tat induces a region-specific L-channel dysregulation and astrogliosis in the mPFC, likely, without neuronal death. In-vitro studies have verified that high nanomolar concentrations of Tat can cause excessive Ca 2 + influx and death of cortical neurons, microglial cells, and monocytes, and these effects of Tat can be reduced by blockade of L-channels [17, 18] . In an in-vitro electrophysiological study [8] , we observed that bath-applied Tat increased Ca 2 + influx through L-channels in pyramidal cells (the neuronal type that constitutes 80-90% of PFC neurophil [19] ). In the present study, we found a significant increase in the number of Ca v 1.2-ir cells in the mPFC from Tat-exposed rats. Although the type of cell(s) that showed Ca v 1.2-ir was not definitively identified, the large size and the layer location are also consistent with the pyramidal neuron profile. Whether L-channel upregulation can be attributed to increased expression/trafficking of the L-channels in the cells requires further investigation. Astrocytes also express L-channels, and the increased expression of cells positive for Ca v 1.2-ir that we observed may reflect enhanced expression on astroglia and/or increases in the number of infiltrating monocytes/ macrophages.
Astrogliosis is consistently reported in HIV-1 infection [20] . In rats, a single Tat injection into the Str increases GFAP-ir cells at 7 days, but is absent at 30 days after injection [21] . Our results showed an increase in GFAP-ir in the mPFC and MC 14 days after Tat injection. We did not detect striatal pathology. This is in contrast to previous studies, where an injection of Tat (50 mg) directly into the Str was reported to increase GFAP-ir and cause cell death within striatal regions [21] . Alternatively, repeated intracerebroventricular injections may be sufficient to cause gliosis in the Str, as reported previously [22] . 
Conclusion
These findings indicate that the L-channel upregulation may be a reversible prelude to neurodegeneration in the mPFC, and overactivated L-channels could be a therapeutic target for treating HIV-associated neurocognitive disorders. Tat infiltration into the CNS is capable of inducing a variety of pathophysiological effects on neurons and non-neuronal cells. It is likely that such dysregulation would be cumulative in the CNS of an HIV + individual in which the neurons would experience continuous viral protein expression. As the production of HIV-1 proteins (including Tat) is not significantly impacted by currently available antiretroviral therapies [6] , it is likely that such dysregulation contributes to the profound pathology in the brain associated with later stages of HIV infection [5] . Adjuvant therapies targeting the sublethal dysregulation in neurons and non-neuronal cells that occur during the early stages of HIV-1 infection may delay or mitigate later neurodegeneration.
